Cryptanthus comprises 72 species endemic to eastern Brazil with a center of diversity in the Atlantic Forest. The majority of the species are threatened due to habitat loss. We reconstructed phylogenetic relationships in Cryptanthus based on amplified fragment length polymorphisms (AFLP) including 48 species and 109 accessions. The Bayesian phylogenetic analysis revealed four major lineages in Cryptanthus and provided further evidence for the paraphyly of subgen. Hoplocryptanthus, while subgenus Cryptanthus was resolved as monophyletic. Monophyly of previously recognized morphological species groups at sectional level could not be confirmed. Based on the phylogenetic reconstruction we inferred the evolution of the sex system in Cryptanthus via maximum likelihood (ML) ancestral character reconstruction. Homoecy, the possession of hermaphrodite flowers only, was reconstructed as the ancestral state in the genus and characterizes three of the four main lineages within Cryptanthus. Andromonoecy, the possession of male and hermaphrodite flowers on the same plant, evolved only once and represents a synapomorphy of the fourth main lineage, C. subgen. Cryptanthus. The ancestral biome analysis reconstructed Cerrado (semiarid scrublands and forests) and campos rupestres (rock fields) as the most likely ancestral biomes for the genus. A shift to the Atlantic Forest biome was reconstructed to have occurred twice, in the ancestor of the first diverging lineage within the genus and in the ancestor of the C. subgen. Cryptanthus clade. A shift to the Caatinga (tropical dryland savanna) and one reversal to Cerrado (campos rupestres -rock fields) was reconstructed to have occurred once, in C. bahianus and C. arelii, respectively. The ancestral biome reconstruction indicates a high degree of niche conservatism within Cryptanthus with rare biome shifts throughout the evolution of the genus. Further, our results imply that the current infrageneric taxonomy of Cryptanthus is problematic and requires revision.
Introduction
The monocot family Bromeliaceae Juss. (58 genera, ca. 3472 species, Gouda et al., 2015) is almost exclusively Neotropical, with a single disjunct species [Pitcairnia feliciana (A. Chev.) Harms and Mildbraed] occurring in West Africa (Porembski and Barthlott, 1999; Jacques-Félix, 2000) . The bromeliad family constitutes a noteworthy case of adaptive radiation and displays a high ecological versatility, occupying a wide range of terrestrial, lithophytic and epiphytic habitats including arid coastal plains, humid forests and dry environments on rock soils (Benzing, 2000; Rex et al., 2007; Schulte and Zizka, 2008) . Based on the results of previous molecular phylogenetic studies eight subfamilies are recognized in the family: Brocchinioideae, Bromelioideae, Hechtioideae, Lindmanioideae, Navioideae, Pitcairnioideae, Puyoideae and Tillandsioideae (Givnish et al., 2007 (Givnish et al., , 2011 .
The subfamily Bromelioideae comprises 33 genera (Luther, 2012) distributed throughout Central and South America with a centre of diversity in eastern Brazil (Smith and Downs, 1979 Within Bromelioideae the genus Cryptanthus Otto & A. Dietr. comprises 72 terrestrial and rupicolous species (Luther, 2012) endemic to Brazil. The genus occupies a wide variety of habitats, such as the moist Atlantic Forest and semi-arid habitats like Cerrado, including campos rupestres (rock fields) and Caatinga (semiarid scrublands and forests). Cryptanthus grows in shady places in lowland forests as well as in exposed habitats at high altitudes. Centres of diversity are the Atlantic Forest and campos rupestres in the states of Espírito Santo and Minas Gerais (Ramírez-Morillo, 1996; Ramírez-Morillo and Brown, 2001) .
Cryptanthus species (Fig. 1 ) have in general narrow geographic distributions. The majority of the species occur within the Atlantic Forest domain with 48 species being endemic to this biome. Due to the high extent of deforestation of the Atlantic Forest, 26 species of Cryptanthus are already included in the Brazilian list of threatened species (Martinelli et al., 2008) . Given the high degree of endemism and narrow distributional ranges of most Cryptanthus species, habitat loss and fragmentation constitute major threats. Additionally, forest fragmentation leads to habitat dissection and invasion by weeds, which renders fragments prone to forest fires, and increases plant collecting by local human populations (Clark et al., 1995; Tabarelli et al., 2004) . Additionally, some endemic species of Cryptanthus of the campos rupestres in Minas Gerais and Bahia are especially threatened, since these habitats are increasingly under anthropogenic pressure due to activities such as mining, stock farming, burning, and wood extraction from gallery forests (Versieux et al., 2008) .
In previous taxonomic treatments, Cryptanthus has been divided into two subgenera: (1) Cryptanthus, comprising andromonoecious plants, i.e. plants which harbour both hermaphroditic and male flowers on the same plant, and (2) Hoplocryptanthus Mez with homoecious plants (i.e. with hermaphroditic flowers only) (Mez, 1896; Ramírez-Morillo, 1996 , 1998 . Cryptanthus has been regarded as a derived genus, mainly because of the occurrence of andromonoecy, fragrant flowers, CAM and unique chromosome numbers within Bromeliaceae, mainly n = 17 and n = 18, as compared to n = 25 for most remaining members of the family (Ramírez-Morillo, 1996; Ramírez-Morillo and Brown, 2001; Gitaí et al., 2014) . The last monograph of the genus recognized five species groups (proposed as sections) for subgenus Cryptanthus and four for subgenus Hoplocryptanthus (Ramírez-Morillo, 1996) .
In previous molecular phylogenetic studies including Cryptanthus the genus was represented by only few taxa and formed a well-defined clade together with Orthophytum Beer and Lapanthus as early divergent lineages within the eu-bromelioids, yet relationships among the three genera remained unclear due to a lack of statistical support Louzada et al., 2014) . Due to limited sampling of Cryptanthus in previous phylogenetic studies, infrageneric relationships in Cryptanthus are still unclear. Moreover, the taxonomic value of characters used in previous treatments of the genus has not been assessed in a phylogenetic framework yet. Cryptanthus subgenus Cryptanthus includes andromonoecious species, which constitutes a unique trait within the family.
Previous molecular phylogenetic studies in Bromeliaceae based on DNA sequencing suffered from low sequence divergence of standard molecular markers, resulting in low resolution and support values among closely related species (e.g. (Aguirre-Santoro et al., 2015; de Sousa et al., 2007; Krapp et al., 2014) . Amplified fragment length polymorphism (AFLP; Vos et al., 1995) is applicable to all organisms without a priori sequence information. It combines high reproducibility with high variability and enables a costefficient genome-wide sampling. AFLPs have proven to be a powerful tool to assess species relationships in evolutionary complex groups, such as those undergoing hybridization, introgression and polyploidization (Koopman et al., 2008; Perrie and Shepherd, 2009; Jakob and Blattner, 2010; Rebernig et al., 2010) . The AFLP technique is well suited for analyzing phylogenetic relationships between closely related taxa (Hodkinson et al., 2000; Després et al., 2003) , and has been applied successfully at inter-and intraspecific level within Bromeliaceae (Horres et al., 2007; Rex et al., 2009; Schulte et al., 2010) .
In this study we used AFLP data to reconstruct the infrageneric relationships of Cryptanthus. Based on the AFLP results we assessed whether taxa distinguished by morphological characters also represent evolutionary distinct, monophyletic units, and reconstructed the evolution of the sex distribution (andromonoecy versus homoecy) and the historical biogeography of the genus.
Material and methods

Taxon sampling
A data set of 109 accessions was analysed including 48 Cryptanthus and five Orthophytum species (Table 1 and Fig. 2) , the latter chosen as outgroup based on previous phylogenetic analyses (Schulte et al., 2005 Schulte and Zizka, 2008; Givnish et al., 2011; Louzada et al., 2014) . In cases where accessions could not be assigned unambiguously to a species, they are listed as C. aff. spec. or as C. spec., if no morphologically similar species could be identified. In at least some of these cases we suppose that these may constitute yet undescribed species.
Plant material was collected during field expeditions as well as from scientific living collections of Dr. Elton Leme (Refúgio dos Gravatás) and the Instituto de Botânica de São Paulo (Ibt), with vouchers deposited at Herbarium Bradeanum (HB) at the Universidade Estadual do Rio de Janeiro and the Herbarium of the Instituto de Botânica (SP), respectively. Leaf material collected was transferred into a sodium chloride saturated aqueous solution of CTAB (cetyl-trimethylammonium-bromide, 20 g/L) according to Rogstad (1992) , and stored at 7°C until processing.
DNA isolation
Total genomic DNA was isolated according to Doyle and Doyle (1987) with modifications described by Weising et al. (2005) . Moreover, DNA purification was performed including precipitation of polysaccharides (Michaels et al., 1994) and RNAse (10 lg/mL) treatment for 2 h at 37°C. DNA quantification and quality control were carried out with a NanoDrop Ò 2000c (NanoDrop Technologies, Wilmington, DE), measuring its absorbance at 260 and 280 nm.
AFLP assays
AFLP analyses were accomplished following Vos et al. (1995) , with modifications by Bänfer et al. (2004) , Rex et al. (2007) and Carmen Jung (personal communication, May 15, 2011) . The first step consisted of genomic DNA digestion in a final volume of 25 lL at 37°C with restriction endonucleases HindIII and MseI for 12 h and ligation to HindIII and MseI adapters in the same reaction. Two consecutive PCR amplifications were performed as preselective and selective amplification using an Eppendorf Mastercycler Pro thermal cycler using primers with one (+1), or three (+3) selective nucleotides at their 3 0 ends. The reaction mix of preselective PCR (total volume: 10 lL) contained 2 lL of the 1:10 diluted restriction-ligation product, 0.5 lM of unlabelled HindIII (+1) primer, 0.5 lM of unlabelled MseI (+1) primer, 1 x PCR buffer (Peqlab, Germany), 2 mM MgCl 2 , 0.2 mM of each deoxynucleoside triphosphate (dNTP), and 0.025 U Taq DNA polymerase (Peqlab). Amplifications were subjected to an initial denaturation of 94°C for 2 min followed by 30 cycles of amplification, each consisting of 94°C for 20 s, 56°C for 30 s, and 72°C for 2 min. Final extension was at 72°C for 2 min, followed by 60°C for 30 min. An initial screening of selective primers using 12 primer combinations with three selective nucleotides each was performed with seven species of Cryptanthus. From this initial test nine primer combinations were chosen for the final analyses since they produced well scorable polymorphic patterns (Supplementary Table S1 ). Selective PCRs were carried out with 2.5 lL of the 1:20 diluted preselective PCR product and different combinations of the unlabelled MseI (+3) primer (0.25 lM) (Carl Roth, Karlsruhe, Germany) and the fluorescence-labelled HindIII primer (NED, VIC and FAM, Sigma-Aldrich, Munich, Germany) (0.05 lM) with three selective bases. Furthermore, the PCR reaction contained 1 x PCR buffer (Peqlab), 2 mM MgCl 2 , 0.2 mM of each deoxynucleoside triphosphate (dNTP), and 0.025 U Taq DNA polymerase (Peqlab). The protocol included an initial denaturation at 94°C for 2 min, followed by 35 cycles with the initial 15 cycles consisting of 94°C for 20 s, 66°C for 30 s and 72°C for 2 min, reducing the annealing temperature by 0.7°C at each step, followed by 20 cycles of 94°C for 20 s, 56°C for 30 s and 72°C for 2 min. Final extension was at 60°C for 30 min. Final products of the selective PCR were run on an automated sequencer (ABI Applied Biosystems) as a multiplex of three primer combinations labelled with distinct fluorescent dyes (NED, VIC and FAM) and an internal DNA size standard (ABI Applied Biosystems).
Data analysis
AFLP banding patterns were scored manually for presence or absence of a band at a particular position using the software GeneMarker, version 1.7 (SoftGenetics, State College, PA, USA). Two independent AFLP analyses of 10 accessions were run per primer pair, and the error rate was calculated according to the Jaccard distance (Holland et al., 2008) .
Tree inferences
Phylogenetic reconstructions based on the binary AFLP matrix were carried out using Neighbor-Joining (NJ) and Maximum Parsimony (MP) performed in PAUP 4.0b (Swofford, 2002) and Bayesian inference (BI) in MrBayes 3.2 (Roquist et al., 2012) . The neighborjoining analyses were based on the Nei-Li distance measure (Nei and Li, 1979) with statistical support values for nodes estimated by bootstrap analyses (BS) with 1000 replicates. For the parsimony analysis a strict consensus tree was generated from heuristic searches with 10,000 random addition sequence (RAS) replicates, branch swapping via tree bisection reconnection (TBR), and the MULTREES option in effect. Statistical support of the tree topology was assessed with bootstrap analysis performing 1000 pseudoreplicates, with 10 RAS replicates and TBR branch swapping. The extent of homoplasy was estimated using the consistency (CI) and retention indices (RI).
A Bayesian analysis was conducted using the Metropoliscoupled Markov Chain Monte Carlo (MCMC) algorithm as implemented in the program MrBayes v. 3.2 (Ronquist and Huelsenbeck, 2003) . Two evolutionary models, with and without the gamma distributed across site rate heterogeneity, were tested and compared by the respective marginal likelihoods. These values were calculated using the stepping-stone algorithm (Xie et al., 2011) assuming 10 steps, each sampled for 1,000,000 generations after an initial burn-in.
The substitution model with rate heterogeneity obtained a strong support (marginal likelihood = À20,016.76) over the simpler model without gamma variation (marginal likelihood = À20,755.86). Therefore, the Bayesian analysis was performed based on the gamma model with four independent MCMC runs and heated chains, for 10,000,000 generations, sampling trees every 1000 iterations. The burn-in phase and the efficiency of the MCMC sampling were assessed by examining the log files with the program Tracer (Rambaut and Drummond, 2007) . After excluding the burn-in fraction (i.e. the initial two million generations), the sampled trees from four independent runs were combined to generate a consensus tree with posterior probability values (PP) quantifying the statistical support for the nodes.
Ancestral character state and ancestral biome reconstruction
We explored the evolution of the sex distribution in the genus by ancestral character mapping using the program R 3.2.1 (http://cran.r-project.org). The ancestral characters were calculated using the function 'ace' with the maximum likelihood optimization as implemented in the package Ape (Paradis et al., 2004) . The phylogenetic signal was tested through the re-rooting method described by Yang et al. (1995) , using the ER model, as implemented in the package Phytools (Revell, 2012) . The character states (andromonoecy or homoecy) were coded for each species represented in the phylogeny and plotted onto the Bayesian consensus tree.
An ancestral biome reconstruction was conducted by tracing the occurrence of Cryptanthus species in Brazil's biomes along the Bayesian consensus tree. The coding of the biomes were (1) Atlantic Forest, (2) Caatinga, and (3) Cerrado including campos rupestres. The reconstruction of the ancestral habitats was inferred using the ER re-rooting model described by Yang et al. (1995) as implemented in the R-package Phytools. Table S1 ) from 109 accessions, including the outgroup, produced 489 characters. The scored characters per primer combination varied between 44 and 66 with the fragment sizes ranging from 90 to 480 bp. Of 489 scored characters, 98% were variable in Cryptanthus. The estimated error rate (Jaccard distance) varied between 27.1 and 34.9% with a mean of 32.6%. The pairwise Nei-Li distance values within the total data set ranged from 0.05 to 0.48. The lowest value was detected at the intraspecific level within C. sergipensis, whereas the highest occurred at interspecific level between C. beuckeri and C. lavrasensis.
Results
AFLP data
Distinct AFLP profiles with nine primer sets (Supplementary
Phylogenetic relationships
Tree inferences from the binary character matrix were made using Bayesian inference, maximum parsimony and neighborjoining (Fig. 3, Supplementary material Figs. S1 and S2). The parsimony analysis yielded a total of 28 most parsimonious trees with length of 5793 steps. The consistency index (CI) for these trees was 0.08 and the retention index (RI) was 0.47. From 489 characters in total, 470 were parsimony-informative and 15 characters constant. In general, the tree topologies from the three analyses were largely congruent with only minor incongruences at lower taxonomic levels. In the following the results from the Bayesian inference are presented (Fig. 3) .
The Bayesian consensus tree shows four major Cryptanthus clades (Fig. 3) . Clades I to III comprise the species from subgen. Hoplocryptanthus, which is shown as paraphyletic with clades I to III forming a basal ladderized grade. Clade III is sister to the clade IV, which comprises all species of subgenus Cryptanthus.
Clade I which constitutes the first diverging group is weakly supported (PP 0.70, BS 42). It comprises 8 species and 14 accessions. C. aff. scaposus branches off first, followed by C. pseudoscaposus sister to a clade with two subclades, A and B. Subclade A comprises C. aff. leuzingerae, C. pseudoglazioui, C. scaposus and C. whitmanii. Within subclade B C. odoratissimus (E34E) and C. latifolius are shown in sister group position to a clade, comprising C. odoratissimus (21E), C. pseudoglazioui, C. santaluciae, and C. microglazioui. The two samples of C. santalucieae form a highly supported monophyletic group (BS 100), and the two samples of C. microglazioui are also depicted as monophyletic, whereas the C. odoratissimus and C. pseudoglazioui are shown as non-monophyletic.
Clade II receives maximum support values (PP 1, BS 100) and comprises eight species and 16 accessions. Cryptanthus caracensis, C. lavrasensis and C. glazioui form a clade sister to the remainder, which split into a dichotomy with subclade C comprising C. aff. glazioui (24E), C. aff. schwackeanus (43E), C. regius and C. tiradentensis. Subclade D harbours C. schwackeanus, C. aff. regius (11E), C. ferrarius and C. aff. glazioui (18E). The monophyly of C. tiradentensis is moderately supported (PP 97, BS 65), and three taxa are shown as nonmonophyletic (C. aff. glazioui, C. ferrarius, C. schwackeanus).
Clade III receives moderate support (PP 0.98, BS 66) and comprises the two species C. micrus and C. leopoldo-horstii. Cryptanthus micrus is nested within accessions of C. leopoldo-horstii, a relationship which is moderately supported (PP 0.87, BS 72).
Within the Clade IV, the subclade E received moderate statistical support (PP 0.85 and BS 65) and harbours 19 species, one putatively new taxon (C. spec. nov. 88E), and 34 accessions. The two samples of C. capitellatus form a clade, which branches off first, followed by C. viridipetalus, which is found in sister group position to a larger clade. Within the latter, high support was found for the monophyly of C. bahianus (PP 1, BS 100). Four taxa are depicted as non-monophyletic: C. beuckeri, C. aff. burle-marxii, C. colnagoi, and C. dianae. Cryptanthus coriaceus is found in sister group position to the remainder of clade IV. In turn, subclade F comprises 15 species and 35 accessions. Cryptanthus sergipensis forms a highly supported monophyletic group (PP 1, BS 100). One well supported clade (PP 0.96, BS 67) was formed by all accessions of C. alagoanus, with C. pickelii nested within, indicating C. alagoanus being not monophyletic. Three further taxa were depicted as nonmonophyletic: C. beuckeri, C. sinuosus, and C. aff. bivittatus.
The species shown as non-monophyletic in the phylogenetic reconstructions were each confined to one of the four main clades. For example, C. beuckeri was found in both subclades E (with 2 accessions) and F (with 4 accessions).
Ancestral character and ancestral biome reconstructions
The reconstruction of the evolution of the sex system (homoecious vs. andromonoecius) showed homoecy as the ancestral character state in Cryptanthus. A single origin of andromonoecy was reconstructed at the base of the Cryptanthus subgen. Crypanthus clade. Within the latter, no reversal of character states was observed. Thus, andromonoecy can be considered a synapomorphy of subgenus Cryptanthus (Fig. 4) .
The ancestral biome analysis reconstructed Cerrado and campos rupestres as most likely ancestral biomes for Cryptanthus (Fig. 5) . According to the ancestral area reconstruction, a shift to the Atlantic Forest occurred twice, in the ancestor of the first diverging clade (clade I) and in the ancestor of the C. subgen. Cryptanthus clade. Within the latter subgenus, one reversal to Cerrado and campos rupestres was observed (in C. arellii), and one shift to the Caatinga biome (in C. bahianus). The ancestral biome for clade II and III (both subgen. Hoplocryptanthus) was inferred as Cerrado and campos rupestres.
Discussion
Within Bromelioideae, Cryptanthus possesses two distinct features: the occurrence of andromonoecy in subgenus Cryptanthus (Ramírez-Morillo, 1996 , 1998 and chromosome numbers unique within the family (2n = 32-34; Brown and Gilmartin, 1989b; Gitaí et al., 2014) . Previous molecular studies showed that Cryptanthus constitutes an early diverging lineage within the eubromelioid clade (Schulte and Zizka, 2008; Schulte et al., 2009; Silvestro et al., 2014) . The studies also confirmed the close phylogenetic relationships of Cryptanthus, Orthophytum and Lapanthus, which together form a monophyletic group (Louzada et al., 2014; Silvestro et al., 2014) . These three genera are terrestrial and lack the tank habit, whereas the tank habit characterizes the species rich eu-bromelioid clade. The genus Cryptanthus occurs in different Brazilian biomes, such as the seasonally dry Caatinga and Cerrado (campos rupestres) and displays its highest species richness in the humid Atlantic Forest biome.
So far, phylogenetic relationships in Cryptanthus are poorly understood, and infrageneric concepts, such as the subgeneric classification of the genus (Mez, 1896; Ramírez-Morillo, 1996) or the sectional classification proposed by Ramírez-Morillo (1996) , have not been tested in a phylogenetic framework yet. Further, species delimitation in Cryptanthus is often problematic, which is in part due to poorly typified species (e.g. C. bromelioides, C. praetextus, C. sinuosus) and to limited insights into the plasticity of morphological characters and their taxonomic value. This explains the high number of accessions without identification or assigned to general affinity (affinis) to a putative closely related species or assignment to a species complex (e.g. C. acaulis complex, C. beuckeri complex). This AFLP study provides insights into infrageneric relationships in Cryptanthus, the taxonomic value of morphological characters within the genus, and the diversification of the group within Brazil's biomes.
Phylogenetic relationships
Our phylogenetic study showed four main lineages within Cryptanthus, with the first three diverging clades formed by representatives of subgen. Hoplocryptanthus, thus implying its paraphyly, and the fourth lineage composed of all representatives of subgen. Cryptanthus, thus supporting its monophyly. The latter is morphologically well characterized by the presence of andromonoecy, which is a unique trait within the family, sublinearlanceolate petals, pollen with broadly reticulate surface and usually scentless flowers (Ramírez-Morillo, 1996; Leme et al., 2010) . The species of subgen. Hoplocryptanthus are characterized by hermaphroditic, usually fragrant flowers, broadly spathulate or obovate petals, and pollen with a smooth or minutely reticulate surface (Ramírez-Morillo, 1996; Leme et al., 2010) . Subgenus Cryptanthus occurs from the State of Rio de Janeiro in the south, through Minas Gerais and Espírito Santo to Rio Grande do Norte in the north, growing from sea level to app. 700 m a.s.l. In contrast, subgenus Hoplocryptanthus is distributed in the mountainous areas of the Atlantic Forest in Espírito Santo and in Cerrado specifically in campos rupestres of the Espinhaço range in Minas Gerais, mainly at elevations above 600 m a.s.l. (Ramírez-Morillo, 1996; Leme and Siqueira-Filho, 2006; Leme et al., 2010) . The differences in flo-ral and pollen characters point towards different pollinators in both groups (Ramírez-Morillo, 2001 ).
In her monograph of Cryptanthus, Ramírez-Morillo (1996) recognized 38 species (later 45 spp., Ramírez-Morillo, 1998) and confirmed the two major infrageneric groups treated as subgenera established by Mez (1896) based on a cladistic analysis of mainly morphological characters. Furthermore, she recognized five informal sections in subgen. Cryptanthus (Cryptanthus, Bahianae, Beuckeriae, Lacerdae, Zonatae), and four informal sections in subgen. Hoplocryptanthus (Hoplocryptanthus, Mesophyticae, Schwackeanae, Xerophyticae). However, these taxa were not validly published. Thus, the proposed sections will be referred here as groups without precise taxonomic rank and not printed in italics. Despite several more recent, relevant publications on Cryptanthus, the work of Ramírez-Morillo (1996, 1998) remains a very detailed and comprehensive treatment of the genus, thus an important data Fig. 4 . Maximum likelihood reconstruction of the evolution of the sexual system in Cryptanthus, based on relationships revealed by Bayesian consensus tree of nine AFLP primer pair combinations. Orange: homoecy; blue: andromonoecy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) source and therefore the recognized species groups are discussed here in the light of our molecular data.
Subgenus Cryptanthus
The species of the subgenus Cryptanthus form a monophyletic group (clade IV, Fig. 3 ), which received moderate statistical support. The AFLP tree shows two major subclades within subgen. Cryptanthus plus C. coriaceus, which was found in sister group position to these. Comparing the molecular phylogeny with the subgeneric classification of Ramírez-Morillo (1996) shows that representatives of four of the five groups are found in both major subclades (Bahianae, Beuckeri, Cryptanthus and Zonatae group), the Lacerdae group is confined to subclade E, and none of them form monophyletic groups. Thus, the infrageneric classification of subgenus Cryptanthus proposed by Ramírez-Morillo (1996) is not supported by our molecular results (Table 1 ). The five morphological groups for subgenus Cryptanthus were largely defined based on leaf characters, such as shape, indumentum, succulence, and spines. Our study implies that these characters possess a high level of homoplasy within subgen. Cryptanthus and are of only limited taxonomic value.
Looking at the subgroups of subclade F and E, the first one comprises four groups. In subclade F a clear geographical group may be recognized, mostly including species occurring north of São Francisco River from the states of Alagoas (AL), Pernambuco (PE), and Sergipe (SE), considered isolated from the remaining ones (Siqueira et al., 2007) . Within this complex C. pickelii, C. alagoanus and C. felixii share morphological features, formed in a wellsupported group. Moreover the mentioned species have also a similar distribution in common, in the Pernambuco center of endemism (Siqueira et al., 2007) . Additionally, C. burle-marxii and C. zonatus are characterized by a unique pattern of peltate trichomes on the foliar blades (Ramírez-Morillo, 1996) , and are shown as non-monophyletic in the subclades E and F, implying that this morphological character is of only limited taxonomic value.
Cryptanthus sergipensis and C. bahianus belong to the Bahianae group and present some morphological similarities such as narrow triangular leaves, serrate leaf margin, and adaxially glabrous and abaxially lepidote leaf surfaces (Ramírez-Morillo, 1996) . In our phylogenetic reconstruction, C. bahianus formed a highly supported group within subclade E and C. sergipensis was found as a highly supported group in subclade F within the subgenus Cryptanthus clade, thus providing evidence that the Bahianae group is not a natural group (Fig. 3) .
Cryptanthus beuckeri is known from the southern region of Bahia state and from northern Espírito Santo (Thomas et al., 2003) . It is the sole member of the Beuckeriae group, characterized by its petiolate leaves (Ramírez-Morillo, 1996) . Nevertheless, the monophyly of C. beuckeri remained unsupported by our phylogenetic results with representatives of this species being found in subclades E and F, indicating that petiolate leaves may have arisen several times in the evolution of the genus. Similar situations of non-monophyletic position of some members of the same species in the phylogeny have also been observed in other fast-evolving bromeliad genera (e.g. Tillandsia; Barffus et al., 2005; Puya; Jabaily and Sytsma, 2010; Dyckia; Krapp et al., 2014) and may be the result of hybridization and introgression events. Considering the actual configuration of this group within the phylogeny, further studies are required to clarify the taxonomic status of Cryptanthus plants with petiolate leaves.
Likewise, the monophyly of the Cryptanthus group proposed by Ramírez-Morillo (1996) remained unsupported in our molecular study. The species C. acaulis, C. bromelioides, C. colnagoi, C. coriaceus, C. correia-araujoi, C. dianae, C. lutherianus, C. marginatus, C. maritimus and C. ubairensis are found in both major subclades of the subgenus Cryptanthus (Fig. 3) .
Subgenus Hoplocryptanthus Mez
Our phylogenetic study resolved subgen. Hoplocryptanthus as a paraphyletic group, representing three major lineages (I-III) (Fig. 3) . The four morphological groups discerned in subgen. Hoplocryptanthus by Ramírez-Morillo (1996) , i.e. Hoplocryptanthus, Mesophyticae, Schwackeanae and Xerophyticae, did not form monophyletic groups in our molecular study. Instead, representatives of the respective groups were found in more than one of the three major Hoplocryptanthus clades (Hoplocryptanthus, Mesophyticae, and Xerophyticae group), or grouped together with representatives of other morphological groups within one of the major clades (Schwackeanae group, clade II) (Fig. 3, Table 1 ).
The Hoplocryptanthus group is primarily defined by a longcaulescent habit, being here represented by C. microglazioui and C. pseudoglazioui which were found in clade I, and C. glaziouii which was part of clade II, (Fig. 3) , implying that the character used to circumscribe this group is probably homoplastic.
The Mesophyticae group is mainly characterized by leaf morphological characters of the indumentum (Ramírez-Morillo, 1996) . The representatives of this group (C. latifolius, C. odoratissimus, C. pseudoscaposus, C. scaposus and C. whitmanii) where found in clade I. Similar to the sections defined based mainly on leaf morphological characters in subgen. Cryptanthus, in subgen. Hoplocryptanthus indumentum characters, such as the distribution and density of leave trichomes, were found to be of limited taxonomic value and appear unsuitable for the infrageneric classification of the genus.
Clade II is strongly supported (Fig. 3) , and includes species that share a suite of morphological similarities with C. schwackeanus, although with distinct synapomorphies among them (Leme, 2007; Leme and de Paula, 2009; Ramírez-Morillo, 1996) , for example C. regius and C. tiradentesensis, which form a well supported subclade and which share morphological features such as stemless habit, propagation by short basal rhizomes and bipinnate inflorescence (Leme, 2007) . Nevertheless, clade II also harbours species with different morphology, and from all four morphological groups discerned by Ramírez-Morillo (1996) .
Previous molecular studies also showed subgen. Hoplocryptanthus as a paraphyletic group Louzada et al., 2014) . Nevertheless, relationships between the major Cryptanthus clades did not receive statistical support, thus further molecular studies are required to clarify relationships between the major clades, as well as between Cryptanthus and the closely related genera Orthophytum and Lapanthus. Next-generation sequencing approaches such as targeted sequence capture of nuclear and plastid markers are promising molecular tools for such future studies.
Ancestral character reconstruction
Andromonoecy is considered a derived character in Bromeliaceae, taking into account that almost all members of the family are homoecious. Only Hechtia Klotzsch (Hechtioideae) includes species with male flowers and hermaphroditic flowers on the same individual (Smith and Downs, 1977; Brown and Gilmartin, 1989a) . Thus, the andromonoecy observed in the subgenus Cryptanthus is a unique character state in the family (Ramírez-Morillo, 1996) . In the andromonoecious Cryptanthus species, staminate flowers open first and are located mainly in the mid to apical sector of the inflorescence, while the perfect flowers are concentrated in the basal racemes (Leme et al., 2010) . Within an inflorescence, the staminate flowers are smaller than the hermaphroditic ones (Ramírez-Morillo, 1996) .
The reconstruction of the evolution of staminate flowers within the genus Cryptanthus reveals a clear pattern (Fig. 4) . In our study, homoecy was inferred as ancestral within the genus. The ancestral character reconstruction showed a single origin of the andromonoecy, with all species of the subgenus Cryptanthus being characterized by andromonoecy.
When acquiring this innovation, the group may have been favored by some advantages such as resource reallocation, in which the production of staminate flowers reduces the resource investment in functionally male flowers, thus enabling the resources saved to be re-allocated to other fitness-enhancing traits (Bertin, 1982; Solomon, 1985; Spalik, 1991; Emms, 1993) . Sex allocation is an example of this process, where the resource-depleting factors such as shading or water stress (Solomon, 1985) , florivory (Krupnick and Weis, 1998) and fruiting success of earlier flowers (Diggle, 1994; Gibbs et al., 1999) may alter the production of perfect and staminate flowers. The staminate flowers can be more efficient as pollen donor and pollinator attractor for many reasons, such as higher production of pollen. Furthermore, may also reduce the possibility of self-pollination (Podolsky, 1992 (Podolsky, , 1993 Harder and Barrett, 1996; Elle and Meagher, 2000; Barrett, 2003) . These hypotheses have been tested in different andromonoecious species. For instance, Zhang and Tan (2009) observed in the shrub Capparis spinosa L. that male flowers save resources for female function and they primarily serve to attract pollinators as pollen donors. Interestingly, the few genera with other than perfect flowers (Cryptanthus, Hechtia, Catopsis) occur in a variety of habitats (dry to humid), grow terrestrially as well as epiphytic but are similar in having less showy and usually small, often white flowers that are presumably pollinated by insects.
Ancestral biome analysis
The Cerrado biome (including campos rupestres), is a semiarid habitat which shelters a peculiar vegetation due to poor shallow soils on rock underground and high radiation levels (Porembski et al., 1998; Porembski and Barthlott, 2000) . In our analysis the Cerrado biome including campos rupestres was inferred as ancestral for the genus, and only few shifts between biomes were reconstructed (Fig. 5) . For the Atlantic Forest biome, which is characterized by a strong seasonality and diverse landscape including semi-deciduos and deciduous forests (Tabarelli et al., 2010) , two shifts were reconstructed, in the ancestor of the first diverging lineage within the genus, and in the ancestor of subgenus Cryptanthus clade. The first three clades diversified exclusively within only one of the biomes, that is in the biome which was reconstructed as ancestral to them (clade I: Atlantic Forest, clade II and III: Cerrado and campos rupestres). In the fourth clade, the ancestral biome of subgen. Cryptanthus (Atlantic Forest) was retained with only two exceptions: one shift to the tropical savanna biome Caatinga (in C. bahianus), and one reversal to Cerrado and campos rupestres (in C. arelii). Thus, the ancestral biome reconstruction shows a strong degree of niche conservatism in Cryptanthus with rare biome shifts throughout the evolution of the genus. A high degree of niche conservatism has also been found in ancestral habitat reconstructions for other neotropical plants lineages, including Bromeliaceae (Särkinen et al., 2012; Wagner et al., 2013) .
Our results have important conservation implications, as our ancestral biome reconstruction implies that bromeliad species adapted to a certain biome may have only a low potential to adapt to different environmental conditions within short evolutionary timeframes. Today, the Atlantic Forest harbours the greatest species diversity not only within Cryptanthus but also for the species rich core bromelioids, with many endemic species. Our ancestral biome reconstruction implies that species adapted to moist forest environments, such as those within subgen. Cryptanthus, have a low potential to adapt and persist into the future if their habitat is altered through deforestation or climate change.
Our molecular study also showed another interesting pattern: a high degree of homoplasy is found in morphological characters within Cryptanthus, whereas habitat preferences appear to be more conserved within the genus. Our comparison of groups based on morphology, mainly vegetative characters, showed a high degree of parallel evolution of similar traits in different lineages, which rendered the recognition of natural groups and phylogenetic relationships based on morphology difficult.
The results of our ancestral biome reconstruction for the ancestor of the whole genus is of course strongly influenced by the outgroup choice. So far, the relationships among the three closely related genera Cryptanthus, Orthophytum and Lapanthus are not fully understood and phylogenetic reconstructions lack support for the deeper nodes Louzada et al., 2014, this study) . Therefore, further studies are needed to clarify these relationships and to reconstruct the biogeographic history of this larger alliance.
We regard the Cryptanthus/Orthophytum/Lapanthus clade, which is the most diverse among the early diverging eu-bromelioids, as a key group for the understanding of the radiation of Bromelioideae in the South American savannah and forest biomes.
Conclusions
Our AFLP study offers the first phylogeny, ancestral character reconstruction and historical biogeography analysis of Cryptanthus. Our phylogenetic reconstruction supported the monophyly of subgenus Cryptanthus, which is well characterized by the presence of andromonoecy, while subgen. Hoplocryptanthus was shown to be paraphyletic and requires revision. Further molecular studies are needed to clarify phylogenetic relationships within the Cryptan thus/Orthophytum/Lapanthus clade, which will form the basis for a taxonomic revision of these three genera.
